Pathologic TAR-DNA/binding protein 43 (TDP-43) is a disease protein in frontotemporal lobar degeneration with ubiquitin-positive inclusions (FTLD-U) and amyotrophic lateral sclerosis. We studied the presence, frequency, and distribution of TDP-43 pathology by immunohistochemistry and biochemistry in a series of clinically well-characterized tauopathy patient brains, including 182 Alzheimer disease (AD), 39 corticobasal degeneration, 77 progressive supranuclear palsy, and 12 Pick disease cases and investigated the clinical impact of concomitant TDP-43 pathology in these cases. TAR-DNA/binding protein 43 pathology was found in 25.8% of AD cases. It was restricted to the dentate gyrus and entorhinal cortex in approximately 75% of cases; approximately 25% showed more widespread TDP-43 pathology in frontal and temporal cortices, resembling the FTLD-U subtype associated with progranulin mutations. TAR-DNA/binding protein 43 pathology in AD was associated with significantly longer disease duration, but there was no association with the clinical presentation (148 cases diagnosed as AD and 34 cases diagnosed as frontotemporal lobar degeneration). Progressive supranuclear palsy and Pick disease cases showed no TDP-43 inclusions and no biochemical alterations of TDP-43. There was, however, a unique, predominantly glial TDP-43 pathology with staining of astrocytic plaque-like structures and coiled bodies in 15.4% of corticobasal degeneration cases; this was associated with biochemical TDP-43 changes similar to those in FTLD-U. These findings provide further insight into the burden and clinical significance of TDP-43 pathology in disorders other than FTLD-U and amyotrophic lateral sclerosis.
INTRODUCTION
Frontotemporal lobar degeneration (FTLD) is a heterogeneous group of progressive neurodegenerative diseases that manifest as language dysfunction or as a disorder of social comportment and executive functioning (1) . Ubiquitinpositive, tau-, and >-synuclein/negative inclusions found predominantly in neurons in the dentate gyrus and frontotemporal cortex are the characteristic lesions in the most common neuropathologic subtype of FTLD, that is, FTLD with ubiquitin-positive inclusions (FTLD-U) (2Y4). The TAR-DNA/binding protein 43 (TDP-43) has recently been identified as a major disease protein in the ubiquitinated inclusions in FTLD-U and amyotrophic lateral sclerosis (ALS) (5) . This is consistent with the hypothesis that these diseases represent a clinicopathologic spectrum of disorders that can be subsumed under the term TDP-43 proteinopathies (6, 7) . The initial findings of TDP-43 as the most specific and sensitive marker for detection of neuronal inclusions and neurites in FTLD-U and ALS have been rapidly confirmed by others in an extensive series of postmortem cases, including more than 370 sporadic and familial FTLD-U and ALS cases (8Y13). Moreover, antibodies to TDP-43 facilitated the detection of previously unrecognized pathology in oligodendroglial cells in these conditions (9, 14) . TAR-DNA/binding protein 43 immunohistochemistry (IHC) now also enables the investigation of the co-occurrence of FTLD-U/type TDP-43 pathology in other common neurodegenerative disorders such as Alzheimer disease (AD) and other tauopathies and Lewy body (LB) disorders. Because ubiquitin immunoreactivity is found in most abnormal protein aggregates characteristic of these neurodegenerative disorders (15) , the identification of TDP-43 pathology as the hallmark of FTLD-U now allows Copyright @ 200 by the American Association of Neuropathologists, Inc. Unauthorized reproduction of this article is prohibited.
8 separation of FTLD-U/related inclusions from other types of ubiquitin-positive inclusions such as neurofibrillary tangles in AD and LBs in dementia with LBs (DLB). Indeed, recent reports have demonstrated that 20% to 30% of AD and DLB cases (especially those DLB cases with a high burden of tau pathology) demonstrate concomitant TDP-43 pathology similar to that found in FTLD-U (16, 17) . The co-occurrence of TDP-43 pathology in another tauopathy, the parkinsonismdementia complex of Guam (18, 19) , further suggests that TDP-43 pathology might be triggered by tau pathology in general. The clinical relevance of concomitant TDP-43 pathology in other neurodegenerative disorders has not been examined in any substantive detail. Because clinicopathologic studies have shown that neuropathologically confirmed AD and DLB cases may present with clinical features that meet all current criteria for the clinical diagnosis of FTLD (20) such as progressive social and behavioral changes and/or changes in language functions (21, 22) we speculate that concomitant TDP-43 pathology contributes to the unusual clinical presentation in these clinical FTLD variants of AD. Therefore, the aims of this study were to 1) analyze the presence and frequency of concurrent TDP-43 pathology in a large series (n = 310) of clinically well-characterized tauopathies, including AD, corticobasal degeneration (CBD), progressive supranuclear palsy (PSP), and Pick disease (PiD) cases; and 2) determine whether concomitant TDP-43 pathology influences the clinical presentation in these diseases.
MATERIALS AND METHODS

Case Selection
The databases of the Center for Neurodegenerative Disease Research Brain Bank at the University of Pennsylvania and the Center for Neuropathology and Prion Research Brain Bank at the University of Munich, Germany, were searched for cases using the following inclusion criteria for the different cohorts.
AD Group
All cases included in this group were clinically diagnosed with a progressive dementia and showed typical AD pathology (CERAD C and Braak and Braak Stages VYVI) by neuropathologic examination, thereby fulfilling the criteria for a high likelihood of AD according to the National Institute on Aging criteria (23) . From the 182 included cases, 5 had familial AD with mutations in the presenilin 1 gene (n = 4) and the amyloid precursor protein gene (n = 1). Additional LBs in the amygdala were found in 18 cases, and 4 cases had limbic LB pathology according to the Newcastle criteria for DLB (24) .
PSP Group
All 77 cases identified showed tau pathology with globoid tangles and tufted astrocytes in the brainstem and basal ganglia, fulfilling the neuropathologic criteria for typical PSP (25) . Additional brainstem-type LBs were present in 4 cases, and 6 cases had additional tau pathology typical of argyrophilic grain disease.
CBD Group
The neuropathologic diagnosis of CBD was based on the presence of abundant gray and white matter tau pathology with tangles, numerous threads, astrocytic plaques, and coiled bodies in the cortex and brainstem according to published criteria (26) . We studied 39 cases.
PiD Group
We selected 12 cases with characteristic pathologic features of PiD, that is, numerous tau-positive round inclusions in the dentate gyrus and temporal and frontal cortices (Pick bodies), as well as ballooned neurons (Pick cells) (20 (5, 27) . Immunohistochemistry was carried out using the avidin-biotin complex detection system (Vector Laboratories, Burlingame, CA) and 3,3 ¶-diaminobenzidine as chromogen. Antigen retrieval was performed by boiling the sections in 10 mmol/L citrate buffer (pH 6.0) in a microwave oven (3 times for 5 minutes). Double labeling immunofluorescence for TDP-43 and phosphorylated tau (clone AT8; Innogenetics, Gent, Belgium) was performed using Alexa Fluor 488/ and Alexa Fluor 594/conjugated secondary antibodies (Molecular Probes, Eugene, OR). For all cases, sections of the hippocampal formation, including the dentate gyrus, the subiculum, entorhinal cortex and parahippocampal gyrus, fusiform gyrus, and adjacent temporal cortex, were screened for TDP-43 pathology. In all cases with any TDP-43/positive inclusions in these sections, additional IHC was performed on sections from the temporal cortex, frontal cortex, and medulla.
The postmortem interval of cases studied ranged from 4 to 72 hours. The fixation times ranged from 1 day up to 5 years. No obvious changes were observed with respect to the physiologic nuclear staining, which served as an internal quality control for TDP-43 staining in all cases.
Sequential Biochemical Fractionation and Immunoblot Analysis
Frozen tissues from frontal and temporal cortex as well as hippocampus were used for the sequential extraction of TDP-43 with buffers of increasing stringency as previously described (5, 27) . Briefly, gray matter was extracted at 5 mL/g (vol/w) with low-salt buffer (10 mmol/L Tris, pH 7.5; 5 mmol/L EDTA; 1 mmol/L dithiothreitol; 10% sucrose; and a cocktail of protease inhibitors), high-salt Triton X buffer (low-salt buffer + 1% Triton X-100 + 0.5 mol/L NaCl), myelin flotation buffer (Triton X buffer containing 30% sucrose), and sarkosyl buffer (low-salt buffer + 1% N-lauroyl-sarcosine + 0.5 mol/L NaCl). The detergent-insoluble 
Statistical Analysis
Unpaired Student t-tests were used to analyze differences between groups for age at death and disease duration. The Fisher exact test was used to compare categoric neuropathologic and clinical variables. Significance level was set as p G 0.05.
RESULTS
Frequency and Distribution of TDP-43 Pathology in AD
We studied 182 neuropathologically confirmed AD cases (Table 1) . TAR-DNA/binding protein 43/positive inclusions, predominantly neuronal cytoplasmic inclusions (NCIs) and dystrophic neurites (DNs), were found in 25.8% (n = 47) of AD cases with highly variable frequency and regional distribution among these cases ( Table 2 ). All 47 AD cases with TDP-43 pathology showed NCIs and DNs in the entorhinal cortex with numbers ranging from few (n = 15), to moderate (n = 19), to numerous (n = 13) inclusions (Fig. 1B) . Neuronal cytoplasmic inclusions in dentate granule neurons were found in 70.2% (n = 33) of TDP-43/positive AD cases with the additional presence of neuronal intranuclear inclusions (NIIs) in the dentate gyrus in a single case (Fig. 1A) . In contrast to FTLD-U cases, in most AD cases with TDP-43 pathology (n = 35; 74.5%), the TDP-43 pathology was restricted to the entorhinal cortex and dentate gyrus (Blimbic[ distribution pattern in Table 2 according to Amador-Ortiz et al [16] ). The other 12 AD cases with TDP-43 pathology (25.5%) showed more widespread lesions with numerous NCIs and DNs in the upper cortical layers in temporal and frontal cortex (Figs. 1C, D ; Bdiffuse[ distribution pattern in Table 2 according to Amador-Ortiz et al [16] ). Together with the presence of NIIs detected in approximately 50% of cases, the morphology and distribution of TDP-43 pathology in AD cases with a diffuse TDP-43 distribution pattern are very similar to the recently described histologic FTLD-U Subtype 3 according to the classification scheme by Sampathu et al (27) . This is further supported by the observation that mAbs 182 and 137 (which are specific for the detection of TDP-43/positive inclusions in FTLD-U Subtypes 1 and 2 cases, respectively) did not label the TDP-43/positive inclusions in the TDP-43/positive AD case (data not shown).
Severe neuron loss in the hippocampus and subiculum (Bhippocampal sclerosis[) was found in 11.5% (n = 21) of AD cases and was associated with TDP-43 pathology in 71.4% (n = 15) of these cases, confirming previous results (16) . Most cases with hippocampal sclerosis also showed a dense network of TDP-43 immunoreactivity in cell processes in the CA1 and subiculum region (Fig. 1F) . The ratio of cases with limbic and diffuse TDP-43 distribution pattern was similar between TDP-43/positive cases with and without hippocampal sclerosis (24:8 vs 11:4). Double labeling immunofluorescence experiments for phosphorylated tau and TDP-43 showed that inclusions in the dentate granule neurons were either labeled by TDP-43 or tau (Figs. 1GYI). In the entorhinal and temporal cortices, most inclusions (980%) were also labeled either for TDP-43 or tau. Some neurons showed cytoplasmic inclusions immunoreactive for both markers. There was, however, only partial overlap between tau and TDP-43 immunoreactivity in most of these structures (Figs. 1JYL) ; sometimes, clearly discrete inclusions were labeled in the same neurons (Figs. 1MYO) .
Correlation of Concomitant TDP-43 Pathology With Clinical Presentation in AD Cases
Results of statistical analysis of AD cases are summarized in Table 2 . There were no differences in age at death or sex distribution between AD cases with and without TDP-43 pathology (Table 2 ). There was, however, a statistically significant difference in disease duration, that is, AD cases with TDP-43 pathology had longer durations than AD cases without TDP-43 pathology (8.5 T 3.9 vs 10.4 T 4.9; p = 0.0167).
Because AD cases may present with clinical features that lead to the clinical diagnosis of FTLD, we determined whether concomitant TDP-43 pathology in AD patients is more common in these clinical FTLD variants of AD. Of the included 182 AD cases in this study, 148 cases had a clinical diagnosis of AD (clin AD), while a clinical diagnosis Copyright @ 200 by the American Association of Neuropathologists, Inc. Unauthorized reproduction of this article is prohibited. 8 of frontotemporal dementia, progressive aphasia, or CBD (collectively termed BclinFTLD[) was made in 34 cases (Table 2) . Detailed clinical information on 19 cases of the clinFTLD group has been previously published (22) . The percentage of cases with TDP-43 pathology was, however, similar in the clinAD and clinFTLD groups (27.7% vs 21.4%). Furthermore, the frequencies of the limbic and diffuse patterns of TDP-43 pathology were similar in the 2 groups (31:10 in clinAD vs 4:2 in clinFTLD).
Concomitant TDP-43 Pathology Is Present in CBD but Not in PSP and PiD
To examine whether tau pathology in other tauopathies is associated with TDP-43 accumulation, we studied a large series (n = 128) of other tauopathy cases, including CBD (n = 39), PSP (n = 77), and PiD (n = 12) by TDP-43 IHC (Table 1) .
A hitherto unappreciated burden of TDP-43 pathology was revealed in 15.4% (n = 6) of 39 CBD cases. All 6 of these cases showed TDP-43/positive NCIs in the dentate granule cells and entorhinal cortex, with the additional presence of NIIs in 50% of cases (Fig. 2C) . In 2 of these cases, TDP-43 pathology was restricted to these regions, resembling the limbic distribution pattern seen in AD cases. In the other 4 cases, a unique, more widespread Copyright @ 200 by the American Association of Neuropathologists, Inc. Unauthorized reproduction of this article is prohibited. 8 TDP-43 staining pattern was observed in the temporal and frontal cortex and basal ganglia. Numerous threadlike TDP-43/positive inclusions that were often arranged in annular clusters resembling astrocytic plaques were seen in these gray matter areas (Fig. 2D) , whereas NCIs were rare. In contrast, the white matter contained abundant TDP-43/ immunoreactive cell processes and oligodendroglial inclusions resembling coiled bodies (Fig. 2E) . Double labeling immunofluorescence studies revealed that most of the TDP-43/positive threadlike inclusions in the gray and white matters showed partial but not complete overlap with tau immunoreactivity (Figs. 3FYK) . Most oligodendroglial cytoplasmic inclusions were either labeled for TDP-43 or tau but not both (Figs. 3IYK) .
There were no significant differences for age at death or disease duration between the TDP-43/positive and TDP-43/negative CBD groups ( Table 3) Copyright @ 200 by the American Association of Neuropathologists, Inc. Unauthorized reproduction of this article is prohibited. 8 species only in the hippocampus sample but not in the frontal sample, whereas AD cases with a diffuse distribution of TDP-43 pathology by IHC showed the specific biochemical signature in both samples (Fig. 3) .
DISCUSSION
TAR-DNA/binding protein 43 was recently identified as a disease protein in the characteristic lesions in FTLD-U and ALS (5); it has been rapidly confirmed as the most sensitive and specific marker to detect pathologic inclusions in these conditions (8Y13). The purpose of this study was to determine the frequency and distribution of TDP-43 pathology in the spectrum of neurodegenerative diseases characterized by tau pathology, including large numbers of AD, CBD, PSP, and PiD cases, and to investigate the clinical relevance of concomitant TDP-43 pathology in these conditions.
Although most of the characteristic tau-positive lesions (neurofibrillary tangles, neuropil threads, and DNs) in AD were uniformly negative for TDP-43, thereby confirming our previous results (5, 8) , additional TDP-43 pathology was detected in approximately 25% of cases in our AD cohort of 182 cases. This percentage is in accordance with a recent report by Amador-Ortiz et al (16) describing TDP-43 pathology in 20% to 30% of AD cases. In contrast to FTLD-U cases in which TDP-43 pathology is widespread in the hippocampus and frontotemporal cortices, however, the distribution of TDP-43 pathology in AD cases was limited to the entorhinal cortex and dentate gyrus in approximately 75% of AD cases (present study; 16).
Several recent studies have shown that FTLD-U pathology in FTLD-U cases is heterogeneous based on the morphology and laminar distribution of ubiquitin-and TDP-43/positive inclusions, leading to the description of at least 4 distinct subtypes (8, 27, 28) . Because these classification schemes are predominantly based on pathologic findings in cortical regions, the FTLD-U pathology in the AD cases with a limbic distribution pattern is difficult to subtype. In the remaining 25% of TDP-43/positive AD cases with diffuse TDP-43 pathology, however, the NCIs and small DNs were predominantly found in the upper cortical regions. Together with the presence of characteristic lentiform NIIs in several of these cases, the TDP-43 pathology reflects characteristic features of the described FTLD-U Subtype 3 according to the classification scheme by Sampathu et al (27) or FTLD-U subtype 1 according to the classification scheme by Mackenzie et al (28) . This was further supported by the absence of immunoreactivity in these inclusions for FTLD-U Subtype/1/ and FTLD-U Subtype/2/specific antibodies (numbering according to classification scheme by Neumann et al [5] and Sampathu et al [27] ). Interestingly, this subtype of TDP-43 pathology in FTLD-U cases has been recently shown to be associated with familial forms of FTLD-U due to mutations in the progranulin gene (8) ; this raises the possibility that mutations or variants in the progranulin gene might contribute to the additional TDP-43 pathology in AD. To date, the role of the progranulin gene in AD has only been studied in 1 recent report by Brouwers et al (29) . Although progranulin null mutations seem to be infrequent in clinical AD cases, these authors identified 7 missense mutations in 11 AD and PD patients, although the functional consequences of these changes have not yet been demonstrated. Documentation of combinations of distinct neurodegenerative disease lesions in the brains of patients with progressive neurologic impairments is an emerging theme in research on these disorders. This is exemplified by the high frequency of LBs detectable in AD in distinct brain regions that was only recognized after the development of >-synuclein antibodies to detect LBs in routine diagnostic studies. The effects of additional LB pathology in the setting of advanced AD pathology on the clinical presentation of the patient are, however, presently uncertain (24) . Because AD cases can present with clinical signs that meet current criteria for the clinical diagnosis of FTLD (21, 22) , we speculated that this atypical clinical presentation might be due to concomitant TDP-43 pathology. By comparing the frequency and distribution pattern of TDP-43 pathology in AD cases with a clinical diagnosis of AD to cases with a clinical diagnosis of FTLD, however, we found no association between TDP-43 pathology and clinical manifestations of FTLD in the AD cohort. Thus, the present data argue against a strong impact of TDP-43 pathology on the clinical presentation in AD patients. It should be noted, however, that in the present study, only a limited set of clinical manifestations of AD were examined, and more detailed correlations with larger data sets on behavioral impairments in AD have to be performed in future studies to detect possible subtle differences among TDP-43/positive and TDP-43/negative AD cases.
Most interestingly, by screening this large series of different tauopathies, we detected a previously unrecognized burden of TDP-43 pathology in a subset of CBD cases. This had not been observed in the smaller numbers of CBD cases included in previous studies (5, 8) . The inclusions in the dentate gyrus in CBD were similar to FTLD-U inclusions, but a unique, predominantly glial TDP-43 pathology with labeling of threadlike structures in the gray matter that resembles astrocytic plaques and oligodendroglial white matter pathology were identified as predominant lesions in CBD. No obvious clinical correlate was found for additional TDP-43 pathology in CBD cases, however, and the significance of these findings is presently unclear. Biochemical analysis of TDP-43 extracted from AD and CBD cases with TDP-43/positive inclusions showed the same pathologic alterations of TDP-43 in insoluble protein fractions, that is, N-terminal truncation, hyperphosphorylation, and ubiquitination, as described in FTLD-U and ALS (5) . There was also a clear correlation between immunohistochemical and biochemical findings among different brain regions.
In accordance with previous results on small numbers of cases (5, 8, 12) , no TDP-43 pathology was detected by IHC in the large series of PSP and PiD cases in the present study. Moreover, we confirmed our negative IHC findings by demonstrating the absence of biochemical alterations of TDP-43 in protein fractions extracted from PiD and PSP tissue in a consistent manner. In addition, 1 recent publication from our
